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ABSTRACT

01layer ramples of Ti/C tnd Fe/C have been ion Dean mixed with 400 kev
Ke fons to a dote of 1 x 10'® foni/ca?. Mixing experiments were performed
at 17, 300, 573, and 123 K. The transition between the temperature indepen-
dent and temperature dependent eixing occurred betwwen 300 and 573 K in
Fe/C samples and between 573 and 72) im 7i/C semple. In the temperature
independent aixing regime aixing is restonadly well explained by a thermo-
dyncaic model of fon mizing while at higher temperatures & radiation
enhanced diffusion mechaniva 11 evident.

INTRODUCT IO

The 1on bess aixing of T1/C and Fe/C thin fila bilayers have been
studied a3 a function of temperature to test ths appificability of the
thermodynenic mode) of fon beam mixing [1,2] in o metal/metelloid system.
These experiments are an extension of a tet of experiments which examined
aixing and phate formation in the Fe/C and T1/C systems for irrpdiationt at
roos temperature (~300 K) [3]).

EXPLRIMINT

Stlayer metal/C somples on $107 swbstrates were produced by the
sequentia) electron beam deposition of 8 900 A metal layer (fe or TH)
followed Dy 900 A of C. For Fe/C samples & saa )l smount of T1 wes first
aeposited to facilitate adhesion of fe te S10;. The thickness of the
as-depotited layers wat measured ysing IvtMr‘ord backscattering spectro-
scopy (R8S). Gackscattering wes carried eut using 2.3 MeV alphs particles
with backscattered particles édetected at 160° and the temple tilted 45°
towrd the detector.

The Dilayered somple were 10n beam mized in a batse vacvum of & x 10°!
torr, at 17, 300, 73, and 123 K uiing 400 keV Ke** feny. This engrgy
retults in » ronge of 1400 A In the T1/C case and g range of 1250 A in the
Fe/C cose [4). A Re** cyrrent dentity of 2 vA/ce’ and an ion mixing
dose of ) x 10'® fons/cef ws wied for all irradiations.

RCSULTS AND DISCUSSION

Rutherford backscattering analysis wet vied to exsmine the ifon Induced
reaction at the Fe/C and T1/C iInterface. The number of mstal atoms in the
carbon layer was wied 43 & medture of the mixing. Backicattering data,
reported in Fig. 1, clearly shows that mixing s temperature 1ensitive in
both syntem. tlott\ the number of mntal atom reacted after an irradie-
tion of ) x 1078 Xe/ca’ as o function of 1/T produces curves, Fig. 2.,
which indicate that both T1/C and Fe/C porsers a temperature independent



{1 Fig. 1. B8S spectra of Fe/C (top and
T4/C (bottem) Ml'rn.;’n bosn
aized vith | x 10'® Ly/ st 1N,
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w 8nd the Fe layer.
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regine st low temperatures and a strongly temperature dependent regime at
higher temperatures. The tran:ition temperature between theie two regimes
eccyrs betwen 300 gnd 573 K for Fe/C and between 513 and 723 K for TH/C.
At 77 K @ixing in the Ti/C system exceeded Fe/C mixing by & factor of V.1
while at the maximm teaperature studied, 723 K, mixing in the Fe/C systea
exceeded T4/C mixing by a factor of J.4.

The amount of fon mixing expected at low temperatures in metallic
blayer systom hat been reasonably well predicted by the thermodynamic mode)
of fon-beam mixing proposed by Johnion and co-workers (1,2). In this mode!)
fon mixing i3 Influenced by the attractive or repulsive thermodynamic forces
operating in the alloy lystem (the heat of mixing or free energy of mixing),
the cohesive energy of the alloy, and the smount of dsmage energy deposited
by the ion Deam at the interface.

[xperimenta) mixzing data from metal bilayers in the temperature
independent regime where collisional aixing doainates were foynd to be in
good agreement with the expression [1)

:,t’ -
Q- (O +K, _oix ) ()

§/73 .2 AR
, Ml"h coh

dhere Q 13 a2 measure of intermizing, algyy 13 the heat of mixing,
CNcoh 15 the cohesive energy, ¢ is the energy depoiited per unit path
length, » is the average atomic density and Ky and K are fitting
constants which were found to be 0.037 & and 27 respectively.

For the _present experimental cunditions ¢ ws determined tc be 192
ard 1S ev/R for Fe/C and T1/C respectively from the Monts Carlo simulation
TRIR [5). To obtain a ressonable value for the thermodynamic parameter
Mgy, the free energy diagrams for the Fe/C and Ti/C alloy tystem were
constructed at 100 K from the data of Ksufmen and Wesor (6.7], Figs. 3 and
4. e have taken the Vliquid curve (L) at 100 K a3 the smorphous state.
The dashed Yine 1n sach of the diagrams represents the free energy state of
the as-deposited metal/C bilayers. The 3tates of the end points, hep-Ti,
becc-Fe, and amorphous-C, were determined by tranamission electron microscepy
exsmination of the as-deposited 71lms. The difference in fres energy be-
tween the as-deposited and the intermetallic compound state at the composi-
tions Feyl and TIC were substituted for aMyiy in Equation 1. The cohesive
energy wat calculated arcording to the expression [1) aMeon = 1/2 (Hy +
He) ¢ agiy where Hy and He are the cohesive energy of pure mots) and
carbon respective'y (8). Values used In Cquation ) are present~d in Teble I.

TABLE 1. Batas for [quation )

/¢ . 93 V] #6(100K) (Qn )

(ev7h)  (at/hd) (ovm) (ev/et) /“W“
/¢ ns 9.4 21072 -1 -1.8 2.9 503
fe/cC 182 2.5 21072 -5.9 0.2 2.0 x 10)

Using Cquation 1 and the dats presented in Table ], the thermodynamic
sode) of fon mixng predicts that mixing between T4 and C should be 1.5



grester than mining between Fe and C. Experimentally (Fig. 2) T1/C wixing
exceoeds Fe/C mixing by & factor of 1.1 ang V.4 at 77 X and 300 X respec-
tively which 13 in ressonable agreemeat with L e Zode). It is worthwhile
to note that the wse of published m, g volees [b) in Cquation i without
asking energy corrections for the ¢V ’onu:u between standard states and
the actud) states in our a1 deposited films results in a 2008 error
between Calcwlaticn and experiment.

0o T T T T
dcc (¥ TV Fig. 3. Free energy curves of the
R Fe/C alloy syites constructed from
M @ the dats of Ref. G and 7. The as-
z AN depotited state (dashed line) wps
3ot NN éetermined to be bec-Fe and
. = ‘\_\ amorphous -c.
L)
. Sroc
[171] [K ]
¢ ATOMIC We re

Fig. §. Free energy curves of the Ti/C
alloy system conttructed from the data

of Ref. § and 7. The as~deposited state
(dashed Vine) w3 determined to be hep-TH
and amorphous-C.
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Clearly, a1 expected, at higher temperatures experimenta) sixing dats
i3 not well explained by fquation 1; at 123 K Fe/C mixing exceeds Ti/C
aixing by a factor of 3.4. This mixing trend 1. pusitively correlated with
carbon diffuston in Fe and T4 a3 we)) as carbon diffusion in FeyC and
TAC, _ At 72) K and _the diffysivity of C 1a hep-T1 and bec-Fo 13 3.5 2
1013 an 1.7 5 10-8 co?/sec respectively Pol and in TAC and FeyC 1t 13 1 x
10-29 and 5 x 10-16 co?/rec respectively {11,12]. hence the tlope changes at
Mqhor‘tmnturos thown in Fig. 2 supports . rediation enhanced diffusion
mechanize.

In symmary, Yon mizing is temperature independent at 300 K or lower for
Fe/C and at 573 or lower in T1/C, and i3 reasonable agreement with the
thermodyndaic wodel of Johnion and co-workers (1,2]. At higher tempera-
tures s radiation enhanced ¢iffysion mechanise 43 clearly evident which iy
correlated with the retpective C diffusivities.



= ACKROWLEDGERENTS
~ Pliscussion with F. Ressl, W. L. Johnion, and Y-T. Cheng, and the
‘technical asiistance of Mark Mollander are gratefully schnowledged.
REFERENCES

1. 8. Yn Ressum, V-T. Cheng, A-A. Hicelet, and W. L. Johnson, App). Phys.
Lett. 45. £10 (1995).

2. M. L. Jehnson, Y-T. Cheng, N. Van Rorsum, and M-A. Ricolet, M),
Instrum. Methods J1/8, 637 (1945).

3. 0. P Nirvonen, A. Mestast, and ). ¥W. Rayer, uc). Instrum. Nethods,
f13. 479 (1908).

4. J. P. Biersack, Wuc). Instrum. Methods 102/183. 199 (1901).

§. J“'n Slersack and L. 6. Moggmerk, Nuc). Imstrum. Nethods )24, 257
(1900) .

o. L. Kaufmen and M. Nesor, ia Iﬂﬂ"“‘”‘“‘“ﬁ"‘mpn Volume 5,
odited by 5. B. Hanney (Plenum s, Mew York, 1075) ». 109,

7. L. Kaufmann and N. Besor, CALPMAD 2, 295 {1970).

8. C. Xitile, Introduction to $01ld State PRv3icE., Sth ed. (Wiley. New
York 1976) p. 4.

9. R, multgren, P. D. Desal, . 7. Wswkins, K. Rlefter, and K. K. Kelly,
(American Society for Metels, Retalt Park, o, 1973).

; 10. . Sergner, 10 MM%&M{MW
edited by F. ). Kedves 2 . L. e (Trany. Tech. . ) p. 223.

11. R, Schuhmacher and P. Eveno, So11d State lonics ]2, 263 (1984).

12. 8. Ozturk, V. L. Fearing, J. A. Quth, and §. Simsovict, Solid State
Tonics ]2, 148 (1984).




